Introduction
Protein sequence variation at disease resistance loci in natural plant populations is a w ell-docum ented observation. The presence o f this polymorphism , maintained by on-going re v o lu tio n a r y interactions w ith pathogens, should allo w for effective crop protec tion and has contributed to many successful breeding programs.
H ow ever, due to the lengthy and costly process o f generating cultivars w ith novel resistance phenotypes, great effort is placed on extending the lifetim e o f the plant cultivars currently available.
To w hat degree this is possible and h ow this can be achieved is the focus o f this special issue. A t the heart o f this challenge is to predict and/or identify w hich resistance genes pose an insur mountable hurdle to the pathogen and therefore w ill provide effe c tive protection over m ultiple grow ing seasons. If such genes exist (w h ich is perhaps unlikely due to the effectiveness o f natural selec tion and evolutionary potential in nearly all pathogen populations), do these genes share com m on features that could act as targets in future breeding programs? A parallel line o f investigation, which goes hand-in-hand w ith the first objective, is to determ ine the best deploym ent strategies to extend the lifetim e o f the resistance genes already available to breeders. Our w ork on this question em erges from prior observations about the genetic and phenotypic variation for disease resistance present in natural plant popula tions (Rose et al" 2004 (Rose et al" , 2007 (Rose et al" , 2011 H oerger et al" 2012) . Natural selection im posed by pathogens is exquisitely tuned to differences am ong plants in disease resistance and therefore, observations in natural populations m ay help to inspire m ore suc cessful plant protection strategies.
In this paper, w e describe the sequence variation and evolution ary history o f three linked genes involved in pathogen resistance in w ild tom ato (Pto, Fen, and Prf) . These genes encode proteins, w hich form a m ultim eric com plex and togeth er activate defense responses (G utierrez et al" 2010; Ntoukakis et al" 2013) . W e are interested h ow the genetic linkage and the functional interaction com bine to influence the sequence evolution o f these genes. Since these genes reside in a small region o f the tom ato genom e (60 kb), nearly all aspects o f their evolutionary history are shared. A focus o f this research is to determ ine to what degree these genes are coa dapted to one another and h ow their roles in pathogen recognition m utually influence the evolution o f neighboring and functionally linked genes. The presence and strength o f epistatic selection in resistance gene com plexes has broader im plications because strong epistatic interactions can serve as a road-block to breeding programs, leading to genetic incom patibilities due to the disrup tion o f R-gene functional units (rev ie w e d in Bomblies, 2009) .
The Pto resistance gene belongs to a small m ultigene fam ily o f five to six fam ily members in the Lycopersicon clade (M artin et al" 1993) , h ow ever functions have not been ascribed to all o f these genes. The entire 60 kb region o f chrom osom e 5 containing the Pto gene fam ily has been sequenced from a susceptible Sola rium lycopersicum cultivar and a resistant cultivar containing the Pto locus introgressed from the sister species Solatium pim pinellifolium (GenBank accessions AF220602 and AF220603). The tw o haplotypes share five orthologous, clustered genes (Fen, Pth2, Pth3, Pth4 and Pth5) . Pto confers resistance to strains o f Pseudomonas syringae pv.
tomato expressing either AvrPto or AvrPtoB. It was the first racespecific R-gene to be isolated (M artin et al" 1993) . This small gene w ith out introns and the open reading frame (ORF) o f 963 nucleo tides encodes a functional serine/threonine kinase capable o f auto phosphorylation (Loh and Martin, 1995) . The current m odel for Pto activation involves Pto binding to the pathogen ligand in the plant cell and a change in protein conform ation, induced through this physical interaction. The stabilization o f the Pto m olecule in the proper conform ation is dependent on Pto kinase activity. Next, the activated Pto protein transduces the signal, w hich is sensed by Prf to activate downstream plant im mune responses. This includes the synthesis o f antimicrobial compounds and results in program m ed cell death at the site o f infection (Rathjen et al" 1999; Sessa and Martin, 2000; W u et al" 2004; M ucyn et al" 2006; Xing et al" 2007) .
Fen, one o f the Pto fam ily members, is a functional serine/thre onine kinase and confers sensitivity to the insecticide fenthion (M artin et al" 1994; Chang et al" 2002) . The Fen protein shares 80% sequence identity w ith Pto, but does not confer AvrPto-dependent resistance Jia et al" 1997; Frederick et al" 1998) . H owever, this paralog can recognize and activate defense responses to variants o f AvrPtoB effector lacking E3 ubiquitin ligase activity (Rosebrock et al" 2007) . Nonetheless, the w ild type form o f AvrPtoB ubiquitinates certain Fen alleles, w hich leads to their degradation in the plant cell. This suggests that the genes in the Pto cluster paralogs have experienced a com plex history o f host-pathogen coevolution.
Both Pto and Fen proteins do not act alone, but require a second protein, Prf, for the activation o f disease resistance. P rf is a large gene em bedded w ith in the Pto gene cluster, although it is phylogenetically unrelated to Pto and its paralogs. In S. pimpinellifolium Rio Grande 76R, the 3' end o f this gene is located about 500 bp from the ORF o f Fen and 24 kb from the ORF o f Pto. The com plete tran scribed region o f P rf is alm ost 11 kb and contains five introns.
The protein coding region is 5.5 kb long. The resultant Prf protein is a large m olecule (209.7 kDa) and contains NBS-LRR motifs, com m on to many other plant R-proteins (Salm eron et al" 1996) .
Both o f the kinases, Pto and Fen, functionally interact w ith the same N-term inal portion o f Prf (M ucyn et al" 2006 , 2009 Ntoukakis et al" 2009) . Silencing o f Prf prevents signaling by Fen or Pto, indicating that Prf acts epistatically to Fen and Pto. Recogni tion o f avrPtoB by alleles o f Pto from tom ato expressed in Nicotiana benthamiana was only possible if the tom ato allele o f Prf was also co-expressed. The N. benthamiana allele o f Prf could not com p le m ent this phenotype. This indicates that specific pairs o f interact ing partners are required for the full range o f resistance (Balmuth and Rathjen, 2007; Mucyn et al" 2009 non-selective influences such as drift and dem ography -rather than by breeders and m olecular geneticists. As a consequence, the number and breadth o f specificities (and hence the range o f pathogen protection) m ay be more lim ited than w hat is desired from a breeder's perspective, but the advantage o f this " evolution ary genetic cassette" is that the individual components are guaran teed to function w ith one another.
W h at is the likelihood that these three genes represent a coa dapted gene com plex? Previous studies have shown that activity o f tom ato Fen is suppressed w hen com bined w ith the allele o f Prf from N. benthamiana (M ucyn et al" 2009) . Likewise, Pto is sub je c t to a m ixture o f balancing and purifying selection (Rose et al" 2007 (Rose et al" , 2011 . This suggests that some types o f Pto and Fen may function best w ith certain types o f Prf. In this study w e addressed these follow in g questions: (1 ) Do the tightly linked genes Pto, Fen and P rf evolve in a correlated fashion? (2 ) Does epistatic selection operate in the Pto signaling pathway? (3 ) Does the maintenance o f allelic variation at the Pto and Fen genes lead to the maintenance o f allelic diversity at the P rf locus? W e identified am ino acid positions that are candidates for coevolving sites b etw een Pto/Fen and Prf using standard linkage disequilibrium, as w e ll as partitioning o f linkage disequilibrium com ponents across populations and corre lated substitution analysis. These candidates w ere mapped onto known and predicted structures o f Pto, Fen and Prf to visualize putative coevolvin g regions b etw een proteins. Functional signifi cance o f these coevolvin g pairs is discussed in the context o f what is known from previous structure-function studies o f Pto, Fen and Prf.
Materials and methods

Plant materials
For this study, w e collected m ultiple individuals o f Solanum peruvianum, a species closely related to the cultivated tom ato and endem ic to the western coast o f South America. This species is widespread and often occurs in large stands in central and south ern Peru and northern Chile (rev ie w e d in Chetelat et al" 2009 
Specific amplification and cloning strategy fo r Pto
The primers SSP17 and JCP32 w ere used to initially am plify alleles o f Pto (Supplem ental 
Specific amplification and cloning strategy fo r P rf
P rf is a large gene (5587 bp from start to stop codon), therefore it was divided into tw o overlapping parts for PCR and these w ere sequenced separately. The first part o f P rf is w ell-k n ow n for being difficult to clone, so a direct sequencing strategy involving allelespecific sequencing primers was used to resolve phase. Both direct sequencing o f PCR products and cloning w ere em ployed to gener ate the data for the second part o f the gene (approxim ately 58% o f Prf). A large number o f primers w ere designed for sequencing and allele-specific am plification (Supplem ental Table 1 ). For individu als from Nazca and Canta, the first 1701 bp o f P rf was amplified.
These PCR products w ere sequenced and phase was inferred using the ELB algorithm im plem ented in Arlequin (E xcoffier et al., 2003; Excoffier and Lischer, 2010) .
Specific amplification and cloning strategy fo r reference genes
The sequences o f eight nuclear loci served as the reference gene set (Arunyawat et al., 2007) . These loci and the three R-genes w ere sequenced from the same individuals (Supplem entary Table 2 ). The reference loci w ere developed from cDNA markers used in the genetic map o f tom ato (Tanksley et al., 1992) .
DNA sequence analyses
The standard summary statistics (including tc, haplotype diver sity, Tajim a's D, ZnS, FST) w ere calculated using DnaSP (Librado and Rozas, 2009 ). The population recombination parameter p was esti m ated using com posite likelihood m ethod o f Hudson (2001) , im plem ented in the LDhat package (M cVean et al., 2002) . The expected decay o f linkage disequilibrium w ith in resistance genes was m odeled using the equation given by Hill and W e ir (1988) and fitted to the data in R statistical package (r-project.org). LD b etw een pairs o f sites o f Pto and P rf or Fen and P rf was calculated using the com posite-disequilibrium R2 statistic (Zaykin et al., 2008) . This m ethod allows for greater than tw o alleles per site and can be applied to genotypic data (i.e. unphased data). This com posite LD can be interpreted as the total correlation betw een a pair o f loci (Cockerham and W eir, 1977; W eir, 1979 . It is estim ated directly from genotypic counts and is not biased by inbreeding or higher order departures from random assortment (i.e. H ard y-W ein b erg equilibrium ). The program MCLD was used to calculate both the approxim ate and exact (perm utational, based on 50,000 perm utations) p-values for R2 tests (Zaykin et al., 2008) . (Ohta, 1982a,b) . This partitioning is similar to W rig h t's F-statistics describing the partitioning o f deviations from H ard y-W einberg equilibrium frequencies into F s t (th e average deviation attributable to differences in allele frequency am ong populations) and Fls (th e average deviation w ith in populations) (W right, 1940 ). , 1983; Black and Krafsur, 1985 (Black and Krafsur, 1985; GarnierGere and Dillmann, 1992) . W h ile linkage disequilibrium analyses from pairs o f genes across m ultiple populations allow us to determ ine the degree to w hich epistatic selection has shaped the evolution o f these genes, Fst analysis o f these same genes across populations allows us to identify signatures o f local adaptation or balancing selection oper ating at these loci individually. Loci showing significantly greater (o r lesser) allelic differentiation than the genom e w id e average can be identified using the m ethod o f Beaumont and Nichols (1996) . These loci are candidates for sites experiencing either strong directional selection (e.g. local adaptation, observed Fst > expected) or balancing selection (observed f ST < expected). W e im plem ented this m ethod in the program FDIST2 (Beaumont and Nichols, 1996; Flint et al., 1999) , w hich calculates the FST estim ator o f W e ir and Cockerham (1984) for each gene in the sample. Coalescent simulations w ere then perform ed to generate data sets w ith a distribution o f FST close to the em pirical distribution. Based on this simulated distribution it is possible to calculate quantiles for out lier SNP loci. First, w e analyzed the eight reference genes from these populations to determ ine the appropriate mean FST for creat ing the expected distribution o f Fst and heterozygosity against w hich to test our resistance genes (Pto, Fen and Prf). Follow ing this first pass, SNP loci falling outside o f the 95% confidence intervals w ere discarded and the analysis was run again to calculate the mean "neutral" FST. This procedure is recomm ended, since it lo w ers the bias on the estim ation o f the mean neutral FST by rem oving the m ost extrem e loci from the estim ation (Beaumont and Nichols, 1996) . Simulations w ere then run using 30,000 iterations, assum ing 100 populations, 12 alleles per sample and an infinite-site m utation model. Simulated the standard neutral model. To calculate these values w e used in total 600 non-singleton SNP loci, both non-synonymous and syn onymous, from three R-genes and eight reference genes.
Protein sequence analyses
W e used the m ethod developed to identify coevolving residues b etw een protein domains to determ ine w hich residues in Pto or Fen w ere likely to be coevolvin g w ith Prf. The method, called ELSC 
Tertiary structures o f Pto, Fen and P rf
The Pto crystal structure was determ ined by Xing et al. (2007; PDB 2qkw) Prf (GenBank accession AAF76312), on ly the first 1500 residues w ere analyzed, including the region, w hich has been described to interact w ith Pto and Fen. In the m odeling process several parent proteins w ith functions essential in disease resistance w ere used:
(1 ) a protein phosphatase -scaffold protein from human (PDB lb 3 u :A ), (2 ) oxidoreductase from Neurospora crassa involved in response to oxidative stress (PDB ls y7 :A ), (3 ) clathrin adaptor pro tein core from mouse (PDB lw 6 3 :A ) involved in binding and intra cellular protein transport, (4 ) im portin beta subunit from human (PDB lq g r:A ), which transfers proteins into nucleus, (5 ) beta-catenin from human (PDB ljd h :A ) that functions in the transcription process, (6 ) TIP20 protein from human (TATA binding protein that enhances transcription, part o f multisubunit cullin-dependent ubiquitin ligase), w hich is involved in protein ubiquitination, neg ative regulation o f catalytic activity and positive regulation o f tran scriptional com plex assembly (PDB lu6g:C ), (7 ) apoptosis regulatory com plex CED-4/CED-9 from nem atode (PDB 2a5y) and (8 ) apoptotic protease activating factor Apaf-1 from human (PDB lz 6 t:A ). Residues identified as either coevolvin g b etw een these proteins or under natural selection are highlighted on these pro tein structures using the program PyMOL (DeLano, 2008) . Am ino acid positions are numbered according to a reference protein sequence from S. pimpinellifolium (Pto, GenBank accession AAF76306; Fen, GenBank accession AAF76307) and S. lycopersicum (Prf, GenBank accession AAF76312).
Results
Nucleotide diversity
The three R-genes Pto, Fen and P rf are w e ll known molecules in the Pto signaling pathway and physical interaction b etw een the Pto/Fen kinases and Prf has been extensively studied (M ucyn et al" 2006 , 2009 Chen et al" 2008) . To analyze the coevolutionary relationship b etw een these molecules, w e sequenced in total 44 alleles o f Pto, Fen and P rf from 22 individuals across three popula tions o f S. peruvianum (Supplem entary Fig. 1 ). Average sequence polym orphism across these three populations at synonymous sites in these three R-genes from the Pto cluster is half that observed at the eight reference loci from the same individuals (1.56% at Pto, Fen and P rf versus 2.95% at the reference loci; Table 1 ). In contrast, non-synonymous polym orphism is m ore than three and half times higher at the resistance gene loci as com pared to the eight refer ence loci (1.04% at Pto, Fen and P rf versus 0.29% at the reference loci). As a result, the ratio o f non-synonymous to synonymous polym orphism is more than six times higher for the resistance genes com pared to the reference loci. The sequence variation o f R-gene Pto and the functional consequences o f this variation w ith in and b etw een populations o f seven tom ato species w ere pre viously characterized (Rose et al" , 2007 . Those studies also reported a significantly higher level o f non-synonymous variation at Pto in S. peruvianum com pared to a set o f reference genes. Evidence for elevated levels o f am ino acid polym orphism is consis tent w ith balancing selection at this locus.
Population differentiation in Pto, Fen and P rf
The level o f genetic differentiation b etw een populations can be influenced by both dem ographic history and natural selection.
Large differences in the amount o f population differentiation b etw een loci can point to individual loci that have been the targets o f selection. W e com pared the levels o f genetic differentiation b etw een these three resistance genes and eight reference genes.
Fst ranged from 0.08 at Pto to 0.22 at Prf. These values w ere within the range o f variation w e observed at other loci from these same individuals (Supplem entary Table 3 ). Therefore, on an individual gene basis, w e did not detect deviations am ong these genes in the degree o f population differentiation. Table 1 ).
The w eigh ted average estim ate o f p across the set o f reference loci in S. peruvianum is 0.0234 and LD decays rapidly in this outcrossing species (Arunyawat et al" 2007) . Pto and Fen show relatively high levels o f recom bination ( p = 0.07 and p = 0.06, respectively), w h ile P rf shows a m ore m oderate amount o f recombination (p = 0.017).
LD decays quite rapidly w ith in these genes and the expectation o f R2 drops b e low 0.05 in less than 0.4 kb (Supplem entary Fig. 2 ).
Linkage disequilibrium between Pto/Fen and P rf
Since LD decays on average relatively rapidly with in these three 
Partitioning o fL D variance components
W e used a m ethod developed by Ohta (1982a,b) to determ ine the relative contribution o f epistatic selection to overall LD observed b etw een these genes. W e found that a significant portion o f the LD observed b etw een these genes could be attributed to neutral causes (gen etic drift, population subdivision and lim ited migration; Table 2 ). Only a small fraction o f the sites had a signa ture o f w hat is considered unequal systematic disequilibrium. Unequal systematic disequilibrium can arise w h en epistasis oper ates in some, but not all subpopulations. Between Pto and Prf, 26 pairs o f sites w ere identified for w hich LD was considered to be unequal, systematic (Supplem entary Table 8 ). Between Fen and Prf, 42 pairs o f sites w ere identified for which LD was considered to be unequal, systematic (Supplem entary Table 9 ). The six FenPrf SNP pairs found to be candidates for epistasis/systematic dis equilibrium b etw een Fen and Prf included synonymous sites or doubletons and therefore w ere not considered further. Table 10 ).
Correlated substitutions in proteins
Candidate sites in Pto
Previous m olecular and biochem ical studies have identified many residues in Pto that are im portant for interaction w ith AvrPto Beaumont and Nichols (1996) . Each data point is a SNP locus. Loci w ith an FST value in 95% confidence interval w ere considered to be outlier loci (below 0.05 quantile -candidates for balancing selection, above 0.95 quantile -candidates for directional positive selection/local adaptation). Numbers indicate encoded amino acid and base position in codon (in parentheses; s -synonymous site). and AvrPtoB and downstream signaling. Here w e describe the functional context o f the 18 sites in Pto that w ere recognized as candidates for natural selection and coevolution w ith Prf, using the methods explained above ( Fig. 3A ; Supplementary Fig. 3A and Supplementary Fig. 4A and Supplementary Fig. 5 ; Supplemen tary Table 11 ). Pto m olecule and are described as one interface w ith AvrPto (X ing et al., 2007) . FST analyses identified these sites as candidates for balancing selection. LD-based analyses pinpointed these sites as associated w ith Prf. Three alleles (H, E, A ) segregate at site 49 in these populations. These segregating am ino acid residues have very different biochem ical properties (i.e. H is polar, basic and large, E is polar, acidic and small, w h ile A is non-polar and small).
Domain I
Three alleles (V, L and G) also segregate at site 51 in these popula tions, although these am ino acid differences are conservative. Site Functional studies o f other Pto alleles that contained E49/G51 from w ild tom ato species w ere able to activate an AvrPto specific resistance response . H ow ever, these alleles Prf m ay be driven in part because this portion o f Pto forms an exposed interface, perhaps not only for the pathogen ligand AvrPto, but for other interacting m olecular partners such as Prf.
Domain II
The next sites in Pto strongly correlated w ith positions in Prf are sites 70, 71, and 72. Variation at these sites is structured into tw o distinct protein haplotypes (RRQ and SCK). These positions are var iable in the Tarapaca and Nazca populations and all are non-conservative. Close to these sites is site K69, w hich is invariant in protein kinases and is required for ATP binding. Mutations at K69
abolish Pto kinase activity and the ability o f Pto to interact w ith AvrPto Tang et al., 1996) . A long w ith sites P73, E74, S76, G78, this region is necessary for binding o f AvrPtoB, but not AvrPto (Bernal et al., 2005) .
Domain Ill/Domain V
Polymorphism s at site 88, in kinase dom ain III, are also associ ated w ith polymorphism s in Prf and this site was identified using the ELSC and the LD-based methods. The T/I polym orphism in pop ulations o f Tarapaca and Nazca is rather conservative. This region is involved in anchoring and orienting the ATP m olecule and it is generally strongly conserved in protein kinases (Hanks and Hunter, 1995) . Sites 115 and 124 in dom ain V w ere also identified using these analytical methods. Four am ino acids segregate at site 115 in these populations o f S. peruvianum and this site was identi fied using the ELSC method. The K allele is found in all three pop ulations, and the m inor alleles Q, D and E are found in Tarapaca, Nazca and Canta, respectively. Although these substitutions are radical relative to one another, site-directed substitutions o f K115E, and K115D in Pto did not affect the ability to bind to AvrPto and AvrPtoB (Bernal et al., 2005) , indicating that even radical changes at this position m ay not negatively affect downstream sig naling through Prf. Site 124 shows an S/R polym orphism in each population and was identified as a candidate for partial epistasis w ith Prf using Ohta's LD partitioning method.
Domain Via/domain VIb
Sites 132 and 135 occur at the junction b etw een domains V and VI. These sites are polym orphic in Nazca and form tw o haplotypes: P132/S135 and L132/F135. The m ajor allele P132/S135 is con served across m ost alleles o f Pto in other w ild tom ato species, as w e ll as in Pth2, Pth3, Pth5 and Fen in S. pimpineUifolium . The P to L substitution at 132 is conservative (both am ino acids are small and non-polar), w h ile the S to F substitution at 135 is non-conservative (S is polar, neutral and small, w h ile F is non-polar and large). Domain Via norm ally forms an extensive 
Domain X/domain XI
One site is found to be a candidate for coevolution in dom ain X.
Site 273 em erged as a candidate from both Ohta's LD analysis and the ELSC method. This site is polym orphic for I/L in all populations.
Little is known about the potential functional effects o f variation at this position; h ow ever residues in the dom ain X are required for interaction w ith the pathogen effectors and downstream signaling (Bernal et al" 2005) .
One site in dom ain XI was identified as a candidate for partial epistasis w ith Prf. Site 295 is polym orphic in Nazca (L/S), but not in the other tw o populations. This polym orphism results in a non-conservative change. Mutational analysis o f this site showed that the non-conservative substitution o f L295D behaved as w ild type and was able to induce AvrPto-dependent cell death (M ucyn et al" 2009 ). This may indicate that functional differences betw een the L and S alleles may not be eviden t in AvrPto-based detection assays.
Candidate sites in Fen
Functional inform ation is also available on the Fen protein kinase. Here w e describe 11 sites identified in Fen as candidates for natural selection and coevolution w ith Prf (Fig. 3B, Supplemen tary Fig. 3B , Supplementary Fig. 4B , Supplementary Fig. 6 ; Supple m entary Table 11 ). 
Domain I/domain II
Domain Via
Domain Via typically forms a large a-h elix away from the active site o f the protein and may serve as a structural support o f the kinase (Hanks and Hunter, 1995) . Site 136 w ith in this region was polym orphic in Nazca and Canta for I and M, but fixed for I in the Tarapaca population. This site was identified as coevolving w ith five sites in Prf. Site 151, polym orphic only in the Tarapaca population, also was identified as coevolving w ith sites in Prf.
Three coevolving sites in Prf w ere consistently identified across three m ethods (LD, Ohta's LD partitioning and ELSC) and these Prf sites w ere different from those identified as coevolvin g w ith site Fenl36. Site 153 in this dom ain was polym orphic in the Nazca and Canta populations and was identified as coevolvin g w ith Prf using Ohta's LD partitioning method.
Domain X/domain XI
Three sites in dom ain X w ere identified as coevolvin g w ith Prf or under balancing selection. Site 241 was polym orphic in Tara paca and identified as coevolving w ith a site in Prf. Sites 244 and 255 w ere polym orphic in all three populations and w ere identified as both coevolving w ith Prf and experiencing balancing selection.
There is an overlap in the coevolvin g partners identified in Prf for these tw o Fen polymorphisms. It was shown previously that the region b etw een residues 243 and 258 in Pto is im portant either for correct protein folding or binding to the A vr proteins and dow n stream components (Bernal et al" 2005) . Three sites in dom ain XI w ere identified as coevolving w ith Prf. Site 278 is polym orphic in all three populations and identified as experiencing balancing selection by one o f the FST-based methods, w h ile site 283 and site 291 are polym orphic in Tarapaca and Canta, but not in Nazca. The coevolvin g sites in Prf identified for these three sites in Fen are located towards the distal region o f the Prf N-terminus.
Candidate sites in P rf
Prf is a large protein w ith five domains (Fig. 4) . The N-term inal dom ain o f Prf functionally interacts w ith Pto and Fen (M ucyn et al" 2006, 2009; Chen et al" 2008) and shows an excess o f non-synonymous variation, com pared w ith other domains in this protein (Rose et al" 2011) . Tw enty-on e am ino acid positions w ere identi fied as candidates for natural selection and coevolution w ith Pto and Fen. Three regions in the N -term inal dom ain o f Prf can be rec ognized: (1 ) proximal, am ino acid sites 23-120, (2 ) m iddle, 135-277 and (3 ) distal 397-536 ( Fig. 4A; Supplementary Fig. 3C ; Sup plem entary Table 11 ).
The distal region o f P rf N-terminus
In this region many residues show partial epistasis w ith Fen and Pto. Site 397 is polym orphic in the Tarapaca population for Q and L.
The L allele is the m inor allele in this population and appears also in Prf from S. habrochaites. This residue is in LD w ith P to l5 4 in Tarapaca and is a candidate for epistatic selection w ith many sites in Pto and Fen, nam ely P to4 9 , 124, 154 and Fen76, 255, 283, 291 . In addition, site Fen76 was identified as coevolvin g w ith Prf397 by the ELSC method. Site 456 is polym orphic in all three populations, w ith C as the m ajor allele in Tarapaca, Y predom inating in Canta, and w ith both alleles in equal frequency in Nazca. This site shows unequal systematic disequilibrium w ith residues Pto273 and Pto295, as w e ll as sites 151,153, 244, 255 and 278 in Fen. Further more, this locus is a candidate for balancing selection detected by f ST-based methods. Site 487 is also segregating in all three popula tions (S/F) w ith the m ajor allele S. The substitution S487F is a rad ical change (polar, small -> non-polar, large) and the F allele is present in S. habrochaites. This site is not only a candidate for ep i static relationship w ith multiple sites in Pto and Fen (nam ely Pto43, 46, 49, 51, 70, 71, 88, 154, 205 and Fen76, 153, 244, 255, 278, 283, 291) , but also indicated as experiencing balancing selec tion in f ST-based tests. Of these Pto and Fen residues, Pto49, 51 and Fen244, 255, 278 are also candidates for balancing selection. Sites 491 and 492 are polym orphic only in Tarapaca, w h ere they form haplotypes K491/A492 and N491/S492. The form er is the m ajor allele and the replacem ent K491N is a radical change (basic, large -> neutral, small), whereas the replacem ent A492S is rather conservative. The residues Prf491 and Prf492 in the Tarapaca pop ulation are in LD w ith sites Pto49 and Fenl51, and are candidates for epistatic selection w ith these loci. The site Fenl51 was identi fied by the ELSC m ethod as coevolvin g w ith these Prf loci. T w o additional sites in Fen (Fen255 and Fen278) showed significant LD w ith these Prf sites. The next tw o residues w ere identified in the ELSC m ethod as coevolvin g partners o f Fen only. Prf site 510 is putatively coevolving w ith Fenl36. This locus is segregating for S and T in Nazca and Canta, and is fixed for T in Tarapaca. This replacem ent is conservative, however, the S allele is a m ajor allele in Canta and both alleles are present in nearly equal frequency in Nazca. Site 536 is polym orphic only in Tarapaca for I and M w ith I as the m ajor allele. This locus was identified by the ELSC m ethod as putatively coevolving w ith Fen241. haplotypes in these populations (S156/P159, R156/S159). The replacem ent S156R is a radical change (serine is neutral and small, arginine is basic and large), w h ile the substitution P159S is rather conservative (b oth are small, non-polar -> polar neutral). The com bination S156/P159 is the m ajor allele, present also in S. habrocha ites and S. lycopersicum (GenBank AAF76312). The allele R156/S159 is segregating only in Nazca w ith one case observed in Canta. Sites 213 and 277 are polym orphic only in the Canta population w ith 213D/277T as the m ajor allele. Sequences from S. habrochaites and S. lycopersicum have 213H/277I allele, which is fixed in Nazca and Tarapaca. The change H213D is a radical change (histidine is basic and large, whereas asparagine is acidic and small). In con trast, the replacem ent I277T is rather conservative (both isoleucine and threonine are small, non-polar -> polar neutral). Moreover, residues Prf213 and Prf277 are shown by FST-based methods as sig nificant candidates for directional selection. The m ethod ELSC indi cated both these loci as coevolvin g w ith Fenl36. Site 220 is a candidate for experiencing epistatic selection together w ith Fen255. Prf220 in the Tarapaca population is segregating for K and I. The I allele is the m ajor allele, present also in Prf from S. hab rochaites, w h ile K appears in Prf from S. lycopersicum. The substitu tion I220K is a radical change -isoleucine is non-polar and small, whereas lysine is polar, basic and large. Other sites in this region (203, 212, 233 and 252) 
The middle region o f P rf N-terminus
Discussion
Detecting epistatic selection between interacting proteins
In this One o f the approaches used was Ohta's m ethod to partition the total variance o f linkage disequilibrium into w ith in and betw een population components (Ohta, 1982a,b) . This m ethod was d evel oped to discriminate b etw een epistatic natural selection and sto chastic processes as the main cause o f the observed LD. Systematic associations am ong alleles in isolated populations o f a species may be taken as evidence o f the direct action o f natural selection on the loci involved (Lewontin, 1974) . For systematic associations, there is a relatively large w ithin-population com po nent and a relatively small betw een-population component, because LD is in the same direction in each population. In contrast, a large between-population com ponent o f LD is m ost readily attributable to non-selective effects o f population subdivision or founder effects (B row n and Feldman, 1981; Ohta, 1982a,b) . In this and AvrPto/AvrPtoB interaction sites in Pto, together w ith the results in present study, im ply that effector binding interferes w ith inhibitory residues o f Pto and disrupts negative regulation to trig ger Prf-dependent im mune response.
A crystal structure o f Fen is not solved, but due its hom ology to Pto, the functional im portance o f some o f these same sites may be extrapolated. In contrast to Pto, residues in dom ain X o f Fen seem to experience balancing selection. Domain X is highly variable am ong kinases and seems to be more conserved in subfamilies that share similar functions. The homologous region in Pto is conserved in S. peruvianum and previously it was observed that replacements o f sites from 243 to 258 disrupted all phenotypes, suggesting the im portance o f this region for pathogen ligand biding, downstream signaling or correct protein folding (Bernal et al" 2005) .
Lack o f a crystal structure o f P rf makes it difficult to ascertain functionally im portant am ino acids w ith in this protein. Therefore the structure o f the Prf protein was com putationally predicted.
According to the protein model, the N-term inal dom ain o f Prf forms a large m olecular arm jutting out from the one side o f the protein (Fig. 4) . (Boyes and Nasrallah, 1993) . The SRK gene encodes a receptor kinase that determ ines specificity o f the stigma in self-incom patibility recognition reactions and SLG encodes a glycoprotein that can enhance this process. By analogy to the Prf protein com plex, SRK and SLG are proposed to interact (Takasaki et al" 2000) and like in the plant defense response, this involves a grow th restriction o f an invading organism (in this case the pollen tube). The com ponents o f these recognition com plexes m ay be som ewhat unique in that they are dependent on each other for a specific function and have strong fitness effects.
The high degree o f P rf sequence conservation may reflect its ancient origin. Pto and Fen share their com m on ancestor betw een 27.9 and 34.0 mya (Rose, 2002) . Since both Fen and Pto require Prf, this suggests that Prf evolved to function w ith a progenitor o f the Pto fam ily (Rosebrock et al" 2007) . H ow the structurally unrelated P rf gene became clustered in the Pto gene fam ily is an interesting question. The structural differences b etw een com p o nents o f these m ultifunctional loci exclude the possibility that they arose by duplication and divergence o f a single ancestral gene. Another pathway that uses both a protein kinase and an LRR-containing protein is the pathway involved in resistance o f rice to bac terial blight. There the kinase and the LRR dom ain are both encoded by a single gene (Song et al" 1995) . It is com m on that functionally interacting proteins, w hich are encoded by separate genes in some organisms, are fused in a single polypeptide chain in others. Thus, one evolutionary scenario is that the Prf and Pto fam ily mem bers are derived from an ancestral tom ato resistance gene in w hich these domains w ere fused (Salm eron et al" 1996) . On the other hand, some type o f transposition or rearrangement brought the tw o types o f genes close to each other and selection favored this system because o f the correlation o f the genes for the resistance phenotype. In this case, proxim ity to P rf and possible simultaneous expression o f proteins w ith distinct kinases, could be m ore flexible than fusion w ith on ly one kinase (e.g. the closely located Fen). This m ay be required by the host to counteract on go ing pathogen evolution. For instance, Pto hom ologs m ay be able to confer resistance to different pathogen isolates (Chang et al" 2002) . In this study, w e detected a number o f polym orphic sites in Pto and Fen that showed associations w ith polymorphism s in the Prf gene. These associations w ith Prf w ere m ostly concentrated in the N-terminus o f Prf, w hich has been proposed to be a binding surface for Pto and Fen based on Co-IP studies. Since pathogens are a variable and ever-changing aspect o f an organism 's environ ment, m olecular evolutionary studies o f host resistance provide insights into the adaptive process in general. The tight physical linkage in this small gene netw ork m ay itself represent an adaptive strategy, because the tight physical linkage allows for a much fas ter rate o f adaptation than does loose linkage (e.g. w ith the genes scattered across the genom e). Precisely, the fast adaptive response w hich is necessary for keeping up w ith the reciprocal adaptation o f ones pathogens can be achieved through tight physical linkage, as predicted by models, such as Kimura's com pensatory evolution m odel (Kimura, 1985) .
In previous studies, w e found evidence for the maintenance o f protein polym orphism specifically in Pto and the N-terminus o f Prf (Rose et al" 2007 (Rose et al" , 2011 . For future breeding purposes, the pro tein polym orphism detected in this R-gene com plex could be mined for novel resistance specificities. H ow ever, care should be taken to avoid a m ix and match approach. Precisely, the presence o f protein polym orphism in the interacting partners o f this m ulti m eric com plex, resulting from selective mechanisms to maintain rather than rem ove am ino acid variation in natural populations, makes this R-gene functional unit susceptible to genetic incom pat ibilities. In the presence o f balancing or diversifying selection, the allele frequency o f any given protein m orph may be lo w within the population or species, and all that can be assumed is that an allelic form o f the protein functions w ith the other proteins encoded by genes in the same genom e. W h eth er this allele type w ill function w ith protein partners from other genotypes cannot be predicted. W h en the m ultim eric functional unit can be bred intact, incom patibilities can be avoided, but the creation o f a novel genotype from a m ixture o f non-adapted alleles continues to pose a challenge to breeders. The presence in natural populations o f extensive protein polymorphism , not only in the confirm ed patho gen receptors, but also in other com ponents o f m ultim eric resis tance complexes, sends a clear message that a long-term strategy for effective crop protection must actively embrace genetic diver sity, w ith both its negative and positive consequences. Protein polym orphism present w ith in a population is not simply a quirky property o f w ild plant-pathogen systems, but should be recognized as a guide for applied crop protection.
